Cytochrome P450 monooxygenases (P450s) mediate a wide range of oxidative reactions involved in the biosynthesis of plant secondary metabolites including phenylpropanoids and phytoalexins. To investigate the regulation of these P450s in the phenylpropanoid biosynthetic pathway of pea (Pisum safivum), partia1 cDNAs representing four distinct P450s expressed in pea seedlings were cloned using a reverse transcription-polymerase chain reaction strategy. One of the corresponding full-length cDNA clones, designated CYP73A9, encodes pea frans-cinnamic acid 4-hydroxylase, which catalyzes the second core reaction in the phenylpropanoid pathway. As expected from its central role in the production of lignin precursors and defense compounds, northern analysis of poly(A)+ mRNA demonstrates that transcripts encoding CYP73A9 are induced appreciably within 3 h after wounding. A second cDNA clone, designated CYP82, encodes a nove1 P450, whose transcripts are also induced in response to wounding at approximately the same time as CYP73A9 transcripts. Despite the multitude of environmental stimuli known to induce expression of phenylpropanoid pathway enzymes, genomic DNA Southern analysis indicates that each of these P450s is encoded by a low copy number (possibly a single copy) gene family.
P450s are heme-dependent, mixed-function oxidase systems that utilize NADPH and/or NADH to reductively cleave dioxygen to produce a functionalized organic substrate and a molecule of water. These modified b-type Cyts range in molecular mass from 45 to 62 kD (average 55 kD) and contain a protoporphyrin IX heme prosthetic group covalently attached to the Cys of the highly conserved F--G-R-C-G motif found near the C terminus of all P450s (Nelson et al., 1993 (Nelson et al., , 1996 .
Many exogenous substrates, including drugs, carcinogens, herbicides, and insecticides, are detoxified by P450-mediated hydroxylations; other natural metabolites, including plant phenylpropanoids, terpenoids, alkaloids, fatty acids, and GA precursors, are biosynthesized by P450-mediated reactions. Reflecting this wide diversity of reactive sites, P450s are encoded by a highly divergent gene superfamily containing more than 450 Cyt P450 (CYP) sequences distributed among a minimum of 65 gene families (Nelson et al., 1993 (Nelson et al., , 1996 . Within any one organism, this superfamily contains a spectrum of P450s that differ substantially in their primary sequences, substrate speci-' This research was supported by U.S. Department of Agricul-* Corresponding author; e-mail maryschu@uiuc.edu; fax 1-217-ture Competitive grant No. 94-37301-7748. 244-1336. ficities, genomic organization, and inducibilities (Gonzalez and Nebert, 1990; Nelson et al., 1993) . Sequences within individual P450 gene families are generally >40% identical with one another, those within individual mammalian subfamilies are >55% identical, and those representing allelic variants are >97% identical, although exceptions to each of these familial designations exist (Nelson et al., 1993 (Nelson et al., , 1996 .
Although much is known about the structure and expression of mammalian P450s, relatively little is known about the number of distinct P450 isozymes in plant tissues and their expression patterns. The vast array of secondary plant metabolites that serve as defense agents against insect and animal herbivores, and the involvement of P450s in the synthesis of many of these defense compounds, suggests that plant P450 gene families may be substantially more diverse than those characterized in mammalian systems (Durst et al., 1994) . The most prominent and ubiquitous P450 activity detected in plants is that of t-CAH (for reviews, see Donaldson and Luster, 1991; Bolwell et al., 1994; Werck-Reichhart, 1995; Schuler, 1996) . This enzyme, which follows PAL in the core phenylpropanoid pathway, catalyzes the conversion of trans-cinnamic acid to paracoumaric acid. Although their specific biochemistries are not well defined, at least 16 other hydroxylations at later points in the phenylpropanoid pathway have also been ascribed to other P450 isozymes (for reviews, see Forkmann, 1991; Bolwell et al., 1994; Werck-Reichhart, 1995; Whetten and Sederoff, 1995; Schuler, 1996) .
Like mammalian and insect P450s, plant P450 isozymes are regulated by a multitude of exogenous compounds and stimuli. Those in the core and branched phenylpropanoid pathways are induced by exposure to manganese, funga1 elicitors, phenobarbital, wounding, and some herbicides (Reichhart et al., 1980; Bolwell and Dixon, 1986; Stewart and Schuler, 1989; Frear et al., 1991; Mougin et al., 1991; Fahrendorf and Dixon, 1993; Funk and Croteau, 1993; Orr et al., 1993; Pendharkar and Nair, 1993; Toguri et al., 1993b; Werck-Reichhart et al., 1993; . The magnitude and time course for induction of these enzymatic activities vary greatly depending on the inducer used, the tissue examined, and, in seedlings, which contain a large number of cell types, the developmental state of the cells. Relatively little is known about the mech-Plant Physiol. Vol. 1 1 O, 1996 anisms mediating these induction patterns in seedling tissues or even the number of genes responding to each type of stimulus. It is thus unclear whether the induced protein activities are mediated by expression of different genes within one of the P450 subfamilies or modulation of a single gene in response to a multitude of signals.
To increase our knowledge of the molecular mechanisms controlling expression of these enzymes, we have used an RT-PCR strategy to isolate pea (Pisum sutivum L.) Cyt P450 cDNAs involved in phenylpropanoid metabolism. This strategy utilizes PCR primers encoding conserved amino acids positioned immediately upstream from the hemebinding motif present in a11 known P450s. Pea stem sections, which exhibit increased t-CAH activity and lignin production in response to wounding (Stewart and Schuler, 1989) , were used as a source of mRNA highly enriched in phenylpropanoid biosynthetic enzyme transcripts. Using this method, we have isolated clones containing the C termini of four highly divergent P450s expressed in wounded pea seedlings, including t-CAH (CYP73A9), which represents the second enzyme in the phenylpropanoid pathway, and another (CYP82) that is moderately homologous to severa1 plant flavonoid hydroxylases. Analysis of the corresponding transcript levels, characterized by northern and RT-PCR Southern analyses, indicates that CYP73A9 and CYP82 transcripts are rapidly and coordinately induced in response to wounding. It is thus very likely that both play fundamental roles in plant defense and wound repair.
MATERIALS A N D M E T H O D S Plant Materials
Pisum sativum (L. var Progress No. 9 ) seeds were soaked overnight in a beaker of aerated water. The germinating seeds were rinsed with water, planted in coarse vermiculite at a depth of approximately 1 cm, and grown for 7 d in the dark at 25°C. Etiolated seedlings averaging 3.5 cm tal1 were harvested and the stem sections were cut into 1-cm sections with a razor blade. Control (O h wounded) tissue was immediately frozen in liquid nitrogen and stored at -80°C. The remainder of the wounded sections were incubated with aeration in 5 mM sodium phosphate buffer (pH 5.5) for various times in the dark, after which tissue aliquots were removed and frozen as above.
For normal light-grown tissue samples, pea seedlings were grown in the greenhouse for 2 weeks; dissected into root, stem, and leaf tissues; and frozen as above.
RNA Extractions
Total RNA was isolated in a manner based on the methods of Puissant and Houdebine (1990) . Four-gram portions of frozen tissue were frozen in liquid nitrogen and ground to a fine powder in a chilled mortar and pestle and then transferred to RNase-free (diethylpyrocarbonate treated, autoclaved) Oak Ridge centrifuge tubes. Ten milliliters of extraction buffer (4 M guanidinium isothiocyanate, 25 mM sodium citrate [pH 7.01, 0.5% [w/v] N-lauroyl sarcosine, 0.72% [v/v] 2-mercaptoethanol) were added, and the samples were mixed by brief vortexing. The samples were thawed on ice, and 1 mL of 2 M sodium acetate (pH 5.0) was added to each tube. Twelve milliliters of pheno1:chloroform (5:l [v/v] saturated with 10 mM Tris-HC1 LpH 4.71, 1 mM EDTA) were added to each tube, and the samples were vortexed for 2 min. After incubating on ice for 15 min, the samples were centrifuged at 10,OOOg for 20 min at 4°C. The aqueous phase was collected and re-extracted twice with an equal volume of ch1oroform:isoamyl alcohol (24:l [v/v] ) and centrifuged as before, and the aqueous phase was precipitated in an equal volume of isopropanol overnight at -20°C. The nucleic acids were collected by centrifugation at 10,OOOg for 20 min at 4"C, and each pellet was resuspended in 1.5 mL of 10 mM Tris-HC1 (pH 4.7), 1 mM EDTA, 0.5% SDS, and 1.5 mL of 4 M LiCl per tube. Aliquots of 1.5 mL each in Eppendorf tubes were chillecl at -20°C overnight and then centrifuged at high speed for 20 min in an Eppendorf centrifuge at 4°C. The pellets obtained were washed with 1.5 mL of 75% ethanol, dried under vacuum at room temperature, and resuspended in 180 pL of 10 mM Tris-HC1 (pH 7.4), 1 mM EDTA. Replicates were pooled, quantified by spectrophotometry, and frozen at -80°C. Typically, 251 pg of total RNA were recovered per gram of etiolated stem tissue.
Poly(A)+ mRNA Extraction
Oligo(dT) spin columns packed with 50 mg oligo(dT)-cellulose (Collaborative Research, Bedford, MA) were equilibrated with 400 pL of binding buffer (10 mM Tris-HC1 [pH 7.51, 500 mM NaC1, 1 mM EDTA, 0.5% SDS). The columns were washed eight times with 400 p L of 0.1 N NaOH and eight times with 400 p L of binding buffer. For each sample, 400 pg of total RNA were resuspended in 400 pL of binding buffer, heated at 65°C for 15 min, applied to the oligo(dT) column, and incubated at room temperature for 15 min on a rocker platform. The columns were centrifuged at 30008 for 5 min or until a11 of the binding buffer was removed from the column. This eluent was reapplied to the column, incubated for 15 min, and centrifuged as before, and the final eluent was discarded. The columns were washed twice with wash buffer (10 mM Tris-HC1 [pH 7.5],100 mM NaC1, 1 mM EDTA) using a 3-min centrifugation step. mRNA was eluted with three 200-pL aliquots of 10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, using a 5-min centrifugation step each time. Poly(A)+ mRNA was precipitated overnight at -20°C after 60 pL of 2 M sodium acetate and 1 mL of isopropanol were added. The mRNA was pelleted, washed once with 70% ethanol and once with absolute ethanol, air dried, resuspended in 50 p 1 ; of sterile water, and stored at -80°C. avian myeloblastosis virus reverse transcriptase (Promega), 20 units of RNasin (Promega), and 80 pmol of each degenerate primer. First-strand cDNA was synthesized for 30 min at 50°C and subsequently amplified by 25 cycles of PCR, each consisting of a 2-min 94°C denaturation, 2-min 60°C annealing, and 2-min 72°C extension. A final 5-min 72°C extension step was done to complete synthesis of a11 DNA strands. RT-PCR products were analyzed on 2% agarose gels containing 1 X TBE buffer. The sequences of the degenerate 5' and 3' PCR primers used in this amplification are shown in Figure 1 . BamHI and EcoRI restriction sites were included in the 5' and 3' PCR primers, respectively, to facilitate cloning of the RT-PCR products.
The RT-PCR products generated from wound-induced poIy(A)+ mRNA were extracted with an equal volume of pheno1:chloroform:isoamyl alcohol (50:50:1), re-extracted twice with chloroform, ethanol precipitated, and resuspended in sterile water. An aliquot was restriction enzyme digested with BamHI and EcoRI for 2 h at 37"C, re-extracted with phenol:chloroform, ethanol precipitated, and ligated into BamHIIEcoRI-cut pBluescript SK. The EcoRI-BamHI inserts of 300 ampicillin-resistant transformants were sized on 2.0% agarose gels, and those in the 300-to 600-bp range were sequenced using T3 and T7 primers complementary to the Bluescript vector and a Sequenase, version 2.0, kit (United States Biochemical). Clones containing the conserved F--G-R-C-G P450 sequence (RT-PCR clones 26, 50, 62, and 117) were sequenced in their entirety. (Bozak et al., 1990) and CYP73A1 (Teutsch et al., 1993) . Amino acids in the conserved P450 heme-binding domain are designated with asterisks. The BamHl restriction site included at the 5' end of this primer is underlined. Bottom, The nondegenerate 3' oligo(dT) PCR primer complementary to the poly(A) tail of mRNAs is shown with its EcoRl restriction site underlined.
lifts were prehybridized for 1 h at 65°C in 5X SSPE, 0.5% SDS, 5X Denhardt's solution and hybridized overnight at 65°C with one of the 32P-labeled probes. Filters were washed twice in 2X SSPE, 0.1% SDS at room temperature for 10 min and once in l x SSPE, 0.1% SDS at 65°C
for 15 min and autoradiographed. Positive plaques were rescreened under the same conditions, and pBluescript phagemids were rescued from the AZap vector as described by the Stratagene protocols. Full-length cDNA clones (cDNA 26 and cDNA 50) selected by hybridization to the RT-PCR clones were subcloned and sequenced using vector primers and interna1 primers specific for each of the cDNA clones.
Northern Analysis of Expression
Ten micrograms of total RNA or 500 ng of poly(A)+ mRNA isolated from roots, stems, or leaves of 2-week old pea seedlings or from control (0 h) and 1.5-, 3-, and 10-hwounded pea stem sections were electrophoresed on a 1.2% agarose-formaldehyde gel (Sambrook et al., 1989) . The RNA was blotted onto a Hybond-N membrane (Amersham) and probed at high stringency by the method of Cohen et al. (1992) in 50% formamide, 0.12 M Na,HPO, (pH 7.2), 0.25 M NaC1, 7% SDS at 42°C for 18 to 24 h, with random hexamer-labeled probes corresponding to the first 1 kb of the CYP73A9-coding sequence or to the full-length coding sequence of CYP73A9 or CYP82. Northern blots were w a s h e d twice at 42°C in 2 X SSC, 0.1% SDS for 15 min and once at 42°C in 0.5X SSC, 0.1% SDS for 15 min and autoradiographed. Under these conditions, RNA:DNA hybrids sharing more than 96% identity with each other should be detectable (Sambrook et al., 1989) . Hybridization signals were quantified by phosphorimagery (Molecular Dynamics, Sunnyvale, CA) and recorded by autoradiography. Equal loading of total RNA samples based on spectrophotometric quantification was confirmed by electrophoresis of equivalent amounts of total RNA on 0.5X TBE gels, followed by ethidium bromide staining. Hybridization signals for mRNA samples were normalized against the hybridization signal for the calmodulin pACaM-4 clone (Gawienowski et al., 1993) .
RT-PCR Analysis of Expression
For additional quantitation of induction of the CYP73A9 and CYP82 transcripts, quantitative RT-PCR Southern analysis was performed as described by Hung et al. (1995) . Total RNAs isolated from stem sections wounded for 0, 1.5, 3, or 10 h were analyzed by RT-PCR Southern assay using primers specific for CYP73A9 (5'26E2,5'-ATGGATCTCCT-CACTAGCGAATTCGGC-3') or for CYP82 (5'50F: 5'-AC-GCTTGATTAT-3'). The linearity of the RT-PCR amplifications with respect to RNA concentrations was monitored by setting up identical RT-PCR mixtures containing 31.2, 125, 250, or 500 ng of total RNA for CYP73A9 or 31.2, 62.5, 125,250,500, or 1000 ng of total RNA for CYP82 from O-or 3-h-wounded stem sections (differences in range of tem-TCTTCTCGAAAAGACC-3'; 3'26R2, 5'-TCATCAACAA-CATAGCATTCATTTCTCT-3'; 3'50R, 5'-ACCAATGAAA- First-strand cDNA was synthesized for 30 min at 50°C and subsequently amplified by 15 cycles of PCR, each consisting of a 1-min 93°C denaturation, 2-min 60°C annealing, 2-min 72°C extension, followed by a final 5-min 72°C extension step. RT-PCR products were analyzed on 1.6% agarose gels containing 1 X TBE buffer and pressure blotted to a Hybond-N membrane. Hybridizations to the fulllength CYP73A9 or CYP82 coding sequences were carried out at 42°C in 5X SSC, 50% formamide, 5X Denhardt's solution, 50 mM sodium phosphate (pH 7.4), 0.75% SDS for 18 to 24 h, and filters were washed twice at 42°C in 2X SSC, 0.1% SDS for 15 min and twice at 42°C in 0.2X SSC, 0.1% SDS for 15 min. Hybridization signals were quantified by phosphorimagery and recorded by autoradiography.
To determine the range of PCR cycle numbers suitable for RNA quantitation, identical RT-PCR mixtures containing either 300 ng of total RNA for CYP73A9 analysis or 600 ng of total RNA for CYP82 analysis from O-or 3-hwounded stem sections were amplified for 9, 12, 15, 18, or 21 cycles for CYP73A9 or 9, 12, 15, 18, 21, or 24 cycles for CYP82 and analyzed as above. Comparisons of CYP73A9 transcript levels in control and wounded tissues were carried out using 300 ng of total RNA from O-, 1.5-, 3-, or 10-h-wounded stem sections and 17 cycles of amplification. Comparisons of CYP82 transcript levels in control and wounded tissues were carried out using 600 ng of total RNA from O-, 1.5-, 3-, or 10-h-wounded stem sections and 20 amplification cycles.
Genomic Southern Analysis
Genomic DNA (50 pg), isolated using a cetyltrimethylammonium bromide method adapted from Reichardt and Rogers (1994) , was restriction enzyme digested in a total volume of 300 pL with 150 units of BamHI, EcoRI, or HindIII overnight at 37°C. An additional 50 units of the appropriate restriction enzyme and 5 pL of 1 pg/pL RNase A (Sigma) were added and incubated an additional 24 h. Each restriction enzyme reaction was precipitated by the addition of one-tenth volume 3 M sodium acetate (pH 6.5) and 2 volumes of ethanol at -20°C overnight. DNA pellets were washed once in 95% ethanol, dried, and resuspended in 30 pL of sterile water. Restriction fragments were resolved by electrophoresis on a 0.8% agarose gel containing 1 X Tris-acetate-EDTA buffer (recirculating) and prepared for Southern transfer by incubating once for 7 min, once for 5 min in 0.25 M HC1, twice for 15 min in denaturation buffer (1.5 M NaCI, 0.5 M NaOH), and twice for 30 min in neutralization buffer (0.5 M Tris-HC1 [pH 7.41, 3 M NaCl). The gel was capillary transferred overnight to a Hybond-N membrane in 1 M ammonium acetate, 1 M NH,OH, 20 mM NaOH (Rigaud et al., 1987) . Following transfer, the membrane was rinsed twice in 2X SSC and UV cross-linked using a Stratalinker (Stratagene). Hybridizatioris to fulllength CYP73A9 or CYP82 coding sequences were carried out for 18 h at 42°C in 5X SSPE, 50% formamide, 5X Denhardt's solution, 50 mM sodium phosphate (pH 7.4), 0.5% SDS, 100 pg/mL sheared salmon sperm DNA. Hybridization signals were quantified by phosphorimagery and recorded by autoradiography. Southern blots were stripped of probe by incubating three times for 30 min in 10 mM Tris-HC1 (pH %O), 1 miv EDTA, 1% SDS, 50% (v/v) formamide and hybridized under the same conditions to probes derived from the coding regions of RT-I'CR 62 or RT-PCR 117.
RESULTS

RT-PCR Clones
Because the structural variations within P450 proteins are extensive, we have devised an RT-PCR strategy for isolating P450 cDNAs expressed in pea seedlings. To maximize opportunities for cloning P450 isozymes involved in phenylpropanoid biosynthesis, poly(A)+ mRNA was prepared from 10-h-wounded pea stem sections. Previous biochemical analysis at various times after wounding (Stewart and Schuler, 1989) has demonstrated that, at this time, t-CAH activity is 5-fold induced over that in a O-time control sample. This mRNA was reverse transcribed and PCR amplified using a 3' oligo(dT) primer (Fig. 7 ) comple-. mentary to the poly(A) tract of mRNAs and a 1024-fold degenerate 5' PCR primer encoding a conserved amino acid sequence (EEF-PERF) located approximately 30 amino acids upstream from the heme-binding Cys (5' P450 PCR primer; Fig. 1 ). The latter primer was chosen on the basis of sequence conservation in this region of the Jerusalem artichoke (Heliantkus tuberosus) CYP73A1 sequence encoding t-CAH (Teutsch et al., 1993) and the avocado (Persea americana) CYP71A1 sequence encoding a p-chloro-N-methylaniline activity (Bozak et al., 1990) and its proximity to the heme-binding region (for rapid sequence confirmation of the P450 signature motif). (An alternate strategy developed by Meijer et al. [1993] , utilized a 5' primer targeted to the heme region itself to amplify sequences present in a prepared cDNA library.) With our strategy, the PCR products were cloned using BamHI and EcoRI sites included in the 5' and 3' PCR primers. Transformants with PCR-amplified inserts of approximately 300 to 600 bp were sequenced from their 5' end to identify PCR clones containing the conserved F--G-R-C-G heme-binding region, and those containing this motif were fully sequenced. Of the 300 transformants that were sized, approximately 60 had inserts in the 300-to 600-bp range, and 45 of these were sequenced. Eight of these contained high probability amino acid matches to known eukaryotic P450 sequences, an open reading frame with the conserved heme-binding region, and intact 5' and 3' PCR primers. One other high probability match (RT-PCR 62) contained the heme-birtding site but lacked the 5' PCR primer, presumably because of the presence of an interna1 BamHI site; another clone (RT-PCR 20) had a high degree of identity (52% amino acid identity) with a region of the human C Y P I A 2 sequence 40 to 65 residues upstream of the thiolate ligand but was not pursued further. Comparison of the interna1 cloned sequences indicated that four different P450s had been isolated, which are represented by 50, 62, and 117 (Fig. 2) . Comparison of the degenerate primer region in these clones indicated that RT-PCR 50 had been independently isolated three times, RT-PCR 117 had been isolated two times, and the remaining clones 62, and 20) had been isolated once in this screening.
Alignment of the C-terminal 100 amino acids represented in these RT-PCR clones indicated that RT-PCR 26 is highly homologous to trans-cinnamic acid hydroxylases (EC 1.14.13.11) cloned from Jerusalem artichoke (CYP73Al; 96% amino acid identity with CYP73A9; Teutsch et al., 1993) , alfalfa (CYP73A3; 97% identity; Fahrendorf and Dixon, 1993) , mung bean (CYP73A2; 93% identity; Mizutani et al., 1993) , and Catharanthus roseus (CYP73A4; 95% identity; GenBank accession No. 232563). This clone is markedly less similar to the CYP7ZAZ sequence cloned from avocado (43% identity; Bozak et al., 1990) and to the other pea RT-PCR clones described here. (Because this region of comparison includes the highly conserved hemebinding domain, these percentages represent the maximal estimates for the degree of identity in these P450s.) Intercomparisons of the four RT-PCR clones indicated that these clones were significantly different from one another: RT-PCR 26 is 40% identical at the amino acid level with RT-PCR 50 and 34% identical with RT-PCR 117; RT-PCR 50 a n d 117 a r e 36% i d e n t i c a l with o n e another. RT-PCR 50 appears to be substantially different from other cloned plant P450s: RT-PCR 50 is 51% identical with the petunia 3',5' flavonoid hydroxylase CYP75A1 (Holton et al., 1993; Toguri et al., 1993a) , 50% identical with the avocado CYP71A1, and 43% identical with the Jerusalem artichoke t-CAH CYP73A1. RT-PCR 117 is 56% identical with the avocado CYP71A1, 48% identical with the petunia 3',5' hydroxylase CYP75A1, and 40% identical with the Jerusalem artichoke t-CAH CYP73A1.
In contrast with the previous examples in which the derived RT-PCR sequences show closest homologies with known plant P450s, the truncated RT-PCR 62, which lacks its 5' PCR primer, shares little homology with any known plant P450s. Its closest matches are, in fact, to the CYP4D2 sequence from Drosophila melanogaster (44% identity; Frolov and Alatortsev, 1994) , the CYP6B1 (38% identity; Cohen et al., 1992) , and CYP6B3 (37% identity; Hung et al., 1995) sequences from Papilio polyxenes (black swallowtail) and severa1 CYP52 n-alkane-inducible sequences from yeast (21% identity; Ohkuma et al., 1991) . It is interesting that CYP6B1 is an insect P450 responsible for the detoxification of plant furanocoumarins (Cohen et al., 1992; Ma et al., 1994) that are biocidal to a wide variety of organisms (Berenbaum, 1991 
c D N A Library Screening
Full-length cDNAs for RT-PCR 26 and 50 were obtained by screening a Stratagene Uni-Zap XR custom cDNA library made with mRNA from P. sativum root tips at high stringency with the BamHI/EcoRI inserts of RT-PCR clones 26 and 50. In this primary screen, RT-PCR 50 positive clones were approximately 3 times more abundant than RT-PCR 26 (t-CAH) positive clones. Sequencing of the four longest cDNAs hybridizing with RT-PCR 50 indicated that they were identical derivatives of the same sequence and identical in their 3' coding and nontranslated sequences with the RT-PCR 50 clone. The sole difference between these clones occurs in the 3' nontranslated region where at least two alternate polyadenylation sites are used to generate individual transcripts (Fig. 3) . Only one of these putative polyadenylation signals is the canonical 5'-AAUAAA-3' sequence. L i k e w i s e , s e q u e n c i n g d e m o nstrated that full-length cDNAs hybridizing with RT-PCR 26 are identical derivatives of the same sequence and identical with RT-PCR 26. Three different, noncanonical alternate polyadenylation sites were used to generate this set of transcripts.
Alignment of the derived amino acid sequence of cDNA 26, designated CYP73A9 (GenBank accession No. U29243), with known full-length t-CAH clones, is shown in Figure 4 . Alignment was performed using the PILEUP and PRETTY functions of the Genetics Computer Group Wisconsin (Madison, WI) package, version 8. At the amino acid level, the full-length CYP73A9 sequence is 90% identical (53 differences, 506 amino acid residues) with the Jerusalem artichoke CYP73A1 and the C. roseus CYP73A4 (49 differences, 506 amino acid residues) sequences, 91% identical (44 differences, 506 amino acid residues) with the mung bean CYP73A2 sequence, and 96% identical (22 differences, 506 amino acid residues) with the alfalfa CYP73A3 sequence and most probably encodes trans-cinnamic acid hydroxylase. The same relationships are seen at the level of coding (Toguri et al., 1993b) , and CYP75A1, a flavonoid hydroxylase from Petunia hybrida (Holton et al., 1993; Toguri et al., 1993a) , is shown in Figure 5 . Given its low degree of identity with these (34% identity with CYP75A2; 32% identity with CYP75A1) and other plant P450s, this P450 has been placed in a new P450 family (CYP82).
Northern Analysis
To determine the expression patterns of these transcripts in seedlings, mRNAs from root, stem, and leaf tissue of 2-week-old pea seedlings and from nonwounded (O h) and 10-h-wounded etiolated stem tissues were hybridized with a CYP73A9 probe under high-stringency conditions that prevent cross-hybridization of P450 sequences. As shown in Figure 6 , CYP73A9 transcripts are expressed much more abundantly in root and stem tissues than in leaf tissue of light-grown seedlings and in wounded etiolated stem tissue compared to nonwounded tissue.
To examine the time course of wounding on CYP73A9 and CYP82 transcripts in a more quantitative way, poly(A)+ mRNAs or total RNAs from O-, 1.5-, 3-, or 10-hwounded stem sections were hybridized with CYP73A9 and CYP82 probes under high-stringency conditions (Fig.  7A) . As expected from the biochemical analysis of t-CAH induction in response to wounding in this species (Stewart and Schuler, 1989) , CYP73A9 transcripts are severalfold more abundant in wounded stem sections than in nonwounded tissue (Fig. 7A, lanes 2-4) . Within this time course, CYP73A9 transcripts accumulate to their maximal level 3 h after wounding (4.83-fold; Fig. 7B ). Although this induction of t-CAH transcript accumulation closely corresponds to the 4-fold increase in I-CAH activity observed after wounding (Stewart and Schuler, 1989) , it precedes it in time by 7 h, as would be expected if induction of this enzymatic activity results from de novo protein synthesis rather than posttranslational modification of an existing protein pool.
Stripping and reprobing of the same northern blot indicated that CYP82 transcripts accumulate to their maximal level 3 h after wounding (Fig. 7C) . The actual induction level is 5.71-fold higher in 3-h-wounded tissue than in nonwounded tissue when quantitated at the mRNA level. The close correspondence of the time course of CYP82 induction with CYP73A9 indicates that it is induced by wounding in a manner coordinated with CYP73A9 expression.
RT-PCR Expression Analysis
For more accurate quantitation of these P450 transcript levels, total RNA samples were evaluated using RT-PCR Southern analysis. In this, oligonucleotide pairs specific for CYP73A9 (5'26E2/3'26R2) or for CYP82 (5'50F/3'50R) transcripts were used to prime synthesis of cDNA and to amplify the resulting templates. PCR-amplified products were then quantitated by Southern hybridizatiori. To clarify the range of mRNA concentrations that can b~ quantitatively amplified in a 15-cycle PCR assay, varying amounts of RNA from O-and 3-h-wounded stem sections were amplified with CYP73A9-or CYP82-specific primers.
As shown in Figure 8 , A and B, CYP73A9 transcripts are amplified in a linear fashion up to a template concentration of 500 ng; CYP82 transcripts are amplified in a linear fashion up to a template concentration of 1000 ng. The range of PCR cycles suitable for exponential amplification of the CYP73A9 and CYP82 transcripts were defined by varying PCR cycle number for reactions containing a constant amount of total RNA (9-21 cycles for CYP7,3A9; 9-24 cycles for CYP82; Fig. 8, C and D) . Under our amplification conditions, a11 samples containing 300 ng (for CYP73A9) or 600 ng (for CYP82) amplify exponentially for at least 21 and 24 cycles, respectively. For further analysis, 17 and 20 cycles were used for amplification of the CYP73A9 and CYP82 transcripts to maximize signal detection.
Amplification of the CYP73A9 and CYP82 transcripts in total RNA samples obtained at different times after wounding (Fig. 8, E and F) indicates that CYP73A9 transcripts are induced to a level 3-fold over control levels 1.5 h after wounding and 3.78-fold 3 h after wounding. CYP82 transcripts exhibit the same relative induction pattern, increasing to 2.44-fold 1.5 h after wounding and 3.75-folcl 3 h after wounding. In both cases, transcript levels remain elevated even 10 h postwounding (Fig. 8F) .
Genomic DNA Southern Analysis
The absence of nucleotide variants in the CYP73A9 or CYP82 sequences derived from root tip mRNA and in the RT-PCR products derived from wound-induced stem mRNA suggests that a single gene exists for each of these transcripts. Genomic DNA Southern analysis at high stringency (Fig. 9) indicates that CYP73A9 and CYP82 are both encoded by a very low copy, possibly a single, gene. For each of these genes and for each restriction enzyme tested, a single genomic DNA fragment hybridizes strongly with the probes. The fact that none of the genomic DNA fragments hybridizing with the CYP73A9 probe cross-hybridize with the CYP82 probe indicates that these two P450 loci are not closely linked. Stripping and reprobing the same genomic Southern blots with probes specific for RT-PCR 117 and 62 clones has yielded different banding patterns indicative of very low copy number, unlinked genes (not shown). We conclude that each of these P450s is encoded by a small, distinct subfamily.
DlSCUSSlON
It is currently estimated that more than 200,000 secondary metabolites may exist in plants and that at most 10% have been characterized to date (Durst et al., 1994) . Many of these, which serve defensive functions in plants, have proven to be economically important compounds such as spices, herbs, perfumes, toxins, pesticides, and pharmaceuticals. The observed profusion of these secondary metabolites and the Cyt P450s that biosynthesize and/or degrade them is generally thought to have evolved through 800 million years of chemical warfare between plants and the organisms that use them as a food source. Given the importance of Cyt P450s in this synthesis of plant secondary metabolites, it is essential that the processes by which they are induced in response to cellular damage be characterized at a molecular level.
We have successfully utilized an RT-PCR strategy to isolate clones corresponding to the four Cyt P450s expressed in wounded pea seedlings. Full-length cDNA clones for two of these P450s have been recovered from a The complete CYP73A9 amino acid sequence is shown, whereas only deviations from the consensus sequence are given for the others. The full-length CYP73A9 sequence is 90% identical (53 differences, 506 arnino acid residues) with the Jerusalem artichoke CYP73A1 t-CAH sequence (Teutsch et al., 1993) and the periwinkle CYP73A4 (49 differences, 506 amino acid residues) sequence (GenBank accession No. Z32563), 91 % identical (44 differences, 506 amino acid residues) with mung bean CYP73A2 (Mizutani et al., 1993) , and 96% identical (22 differences, 506 amino acid residues) with alfalfa CYP73A3 (Fahrendorf and Dixon, 1993) and most probably encodes t-CAH. At the level of coding nucleotides (not shown), CYP73A9 i s 86.5% identical with CYP73A3, 78.4% identical with CYP73A2, 76.5% identical with CYP73A1, and 75.1% identical with CYP73A4. Figure 5 . Alignment of CYP82 with CYP75A sequences. The first two amino acid residues underlined in the CYP82 are derived from the genomic CYP82 sequence (J.D. Whitbred, unpublished data). The CYP82 amino acid sequence is aligned with CYP75A2, an anthocyanin biosynthetic P450 from S. melongena (Toguri et al., 1993b) , and CYP75A1, a flavonoid hydroxylase from P. hybrids (Holton et al., 1993; Toguri et al., 1993a) , by the PILEUP and PRETTY functions of the Genetics Computer Croup Wisconsin package, version 8. The positions of consensus amino acids (based on three of three matching) are indicated on the bottom line. Amino acids in the conserved P450 heme-binding domain are designated with asterisks. Given its low degree of identity with these P450s (34% identity with CYP75A2; 32% identity with CYP75A1) and oiher plant P450s, this P450 has been placed in a new P450 family. cDNA library prepared with mRNA from nonwounded pea root tips. Given the high degree of identity (90% at the amino acid level) that CYP73A9 cDNA shares with CYP73A cDNAs isolated from four other species, it almost certainly encodes the pea homolog of the second core enzyme in the phenylpropanoid biosynthetic pathway (frans-cinnamic acid hydroxylase; EC 1.14.13.11). CYP82, although closely related to the CYP75 flavonoid hydroxylase family, appears to represent a novel plant P450 whose endogenous function has yet to be characterized. Northern analysis of the expression patterns of these two P450s indicates that both transcripts are induced in response to wounding in a coordinated manner. Induction of CYP73A9 (t-CAH) mRNA is maximal (4.83-fold) 3 h after wounding, and induction of CYP82 mRNA is maximal (5.71-fold) 3 h after wounding. Although we have not accurately monitored the proportions of these two transcripts relative to one another, northern analysis with probes of similar specific activity suggests that the CYP73A9 transcripts are significantly more abundant than CYP82 transcripts in wounded stem sections (Fig. 7B) . The time course for induction defined by quantitative RT-PCR Southern analysis of total RNA samples is in strong agreement with that defined by northern analysis of mRNA samples: CYP73A9 transcripts accumulate to their maximal level 10 h after wounding but are very high even after only 1.5 h, and CYP82 transcripts accumulate to their maximal level 3 h after wounding. The magnitude of induction detected by RT-PCR Southern analysis is 3.78-fold for CYP73A9 transcripts and 3.75-fold for CYPS2 transcripts 3 h after wounding.
The 3-h lag between the onset of wounding and the maximal accumulation of CYP73A9 mRNA is substantially shorter than might have been predicted from our previous studies showing enhanced enzymatic activity beginning 6 h after wounding and reaching a maximum 10 h after wounding (Stewart and Schuler, 1989) . We conclude that f-CAH transcriptional induction precedes by approximately 7 h the peak in f-CAH enzymatic activity, as might be expected for a transcriptionally regulated gene product. The long lag between mRNA accumulation and maximal enzymatic activity presumably corresponds to the time during which this P450, like other P450s, is posttranslation- Hours Wounding
10
Hours Wounding Figure 7 . Expression of CYP73A9 and CYP82 transcripts in response to wounding. A, Ten micrograms of total RNA or 500 ng of poly(A) + mRNA isolated from control (0-h wounded) and 1.5-, 3-, and 10-h-wounded pea stem sections were electrophoresed on a 1.2% agarose-formaldehyde gel, blotted onto a Hybond-N membrane, and probed at high stringency with random hexamer-labeled probes corresponding to the full-length CYP73A9-or CVP82-coding sequences. Under these conditions, RNA:DNA hybrids sharing more than 96% identity with each other should be detectable (Sambrook et al., 1989) . Equal loading of total RNA lanes was confirmed by electrophoresis of equivalent amounts of total RNA on 0.5X TBE gels, followed by ethidium bromide staining. Equal loading of mRNA lanes was confirmed by hybridization to pACaM-4 (Gawienowski et al., 1993) , a probe for constitutively expressed calmodulin transcripts. Also shown is quantitation of CYP73A9 (B) and CYP82 (C) mRNA induction after normalization to calmodulin mRNA levels. The hybridization signals of CYP73A9 and CYP82 are not directly comparable because of differences in probe specific activity and exposure times.
ally attached to its heme ligand, inserted in microsomal membranes, and coupled with NADPH-Cyt P450 reductase, its electron transfer partner. Within this time scale, CYP82 transcripts accumulate to a maximal level (5.71-fold induced at 3 h), which is slightly higher than that attained with CYP73A9 transcripts (4.83-fold at 3 h). CYP82 and CYP73A9 transcripts accumulate in a coordinate fashion, at least in response to wounding, and it is thus likely that both encoded P450s are involved in lignin biosynthesis and wound response. Although f-CAH transcript accumulation rates in response to wounding have not been monitored in other systems, several studies have demonstrated that f-CAH transcripts accumulate in alfalfa cell-suspension cultures within 5 to 6 h after treatment with fungal elicitors (Fahrendorf and Dixon, 1993; . Transcripts of PAL, the first enzyme in the phenylpropanoid biosynthetic pathway, are known to be induced in the same time frame and by many of the same factors that enhance f-CAH transcript level. In alfalfa, PAL transcription is maximal 4 h after fungal elicitation . In pea seedlings, PAL transcripts are most abundant in root and stem tissue, as has been found for t-CAH in this study, and are induced by fungal elicitors (Yamada et al., 1992) . Analysis of PSPAL1 transcription rates in nuclei isolated from pea epicotyl tissue has indicated that maximal transcription occurs 30 to 60 min after fungal elicitor treatment . We conclude that the time course of t-CAH mRNA accumulation due to wounding defined in our study is very consistent with that defined for PAL mRNA in response to wounding or elicitation in other species.
Also like PAL, which is encoded by varying number of genes in different species (Cramer et al., 1989; Lois et al., 1989; Yamada et al., 1992; Subramaniam et al., 1993; , the number of f-CAH genes per genome varies. Alfalfa contains two f-CAH genes , and according to our genomic Southern analysis, pea contains a single gene or a small number of closely linked genes. In agreement with the presence of single-copy genes, the process of cloning and sequencing a multitude of CYP73A9 and CYP82 cDNAs has identified sequence variants that correspond only to mRNAs exhibiting differential polyadenylation. The strong correlation of our northern and RT-PCR Southern analyses is also consistent with the presence of a single-copy gene for each protein.
Comparison of the derived amino acid sequence of CYP73A9 with other full-length members of the CYP73A subfamily provides valuable information concerning the structural aspects of f-CAH. Following the initial wellconserved hydrophobic signal-anchor region (MDLLLLE-KTLLAL in CYP73A proteins), which is important for proper orientation and targeting of the protein to the mi- and CYP82 transcript accumulation, quantitative RT-PCR Southern analysis was performed as described in "Materials and Methods." Total RNAs from tissue wounded for 0, 1.5, 3, or 10 h were analyzed by RT-PCR Southern analysis using primers specific to CYP73A9 (5'26E2/3'26R2) or to CYP82 (5'50F/3'50R). RT-PCR products were resolved on 1.6% agarose gels containing 1 x TBE buffer, blotted to a Hybond-N, and hybridized to the full-length CYP73A9-or CYPS2-coding sequences at high stringency. Hybridization signals were quantified by phosphorimagery and recorded by autoradiography. A and B, The linearity of the RT-PCR amplifications with respect to RNA concentrations was monitored by setting up identical RT-PCR mixtures containing 31.25, 62.50, 125, 250, 500, or 1000 ng of total RNA from 0-or 3-h-wounded stem sections (•, 0 h wounded; O, 3 h wounded). C and D, The range of PCR cycle numbers suitable for RNA quantitation was determined in identical RT-PCR mixtures containing either 300 ng of total RNA (for CYP73A9 analysis) or 600 ng of total RNA (for CYP82 analysis) isolated from 0-or 3-h-wounded stem sections (•, 0 h wounded; O, 3 h wounded). Samples were amplified for 9, 12, 15, 18, 21, and 24 cycles and analyzed as above. Amplification products below the background level of the Phosphorimager were not plotted. E and F, Analysis of CYP73A9 transcript levels in control and wounded tissues was carried out using 300 ng of total RNA from 0-, 1.5-, 3-, or 10-h-wounded stem sections and 1 7 cycles of amplification. Analysis of CYP82 transcript levels in control and wounded tissues was carried out using 600 ng of total RNA from 0-, 1. crosomal membrane (Sato et al., 1990; Murakami et al., 1994) , is a highly variable region that may act as a spacer between the signal anchor and the Pro-rich hinge region (PPGPIPVP in CYP73A proteins) of the enzyme (Yamazaki et al., 1993) . Other regions exhibiting high variability are relatively limited. These regions encompass amino acid residues 152 to 170, amino acids 269 to 275, and amino acids 331 to 340 with a few other single or double amino acid variabilities. Because P450 reactivities can be altered by even a single amino acid change (Iwasaki et al., 1994 (Iwasaki et al., , 1995 , we cannot yet conclude that these few amino acid changes have no effect on substrate specificity toward fnws-cinnamic acid and we are currently expressing CYP73A9 in baculovirus expression systems to clarify its reactivities. The sequence similarity of CYP82 to flavonoid hydroxylases from petunia and eggplant suggests that it may potentially have a related function in vivo, although this seems unlikely given the low degree of sequence identity. Given that it has an induction profile very similar to that of f-CAH, it seems more likely that CYP82 is also an early phenylpropanoid pathway enzyme, such as ferulate 5-hydroxylase. Expression analysis of CYP82 in the baculovirus system is in progress to define the substrate specificities of this wound-inducible P450.
